Post-spinal hypotension remains a common and clinically-important problem during caesarean section, and accurate preoperative prediction of this complication might enhance clinical management. We conducted a prospective, single-centre, observational study of heart rate variability in 102 patients undergoing elective caesarean section in a South African regional hospital. We performed Holter recording for ≥ 5 min in the hour preceding spinal anaesthesia. The low-frequency/highfrequency ratio component of heart rate variability was compared, using a logistic regression model, with baseline heart rate and body mass index (BMI) as a predictor of hypotension (defined as systolic arterial pressure < 90 mmHg) occurring from the time of spinal insertion until 15 min after delivery of the baby. We also assessed clinically relevant cut-point estimations for low-frequency/high-frequency ratio. Low-frequency/high-frequency ratio predicted hypotension (p = 0.046; OR 1.478, 95%CI 1.008-1.014), with an optimal cut-point estimation of 2.0; this threshold predicted hypotension better than previously determined thresholds (p = 0.003; c-statistic 0.645). Baseline heart rate (p = 0.20; OR 1.022, 95%CI 0.988-1.057) and BMI (p = 0.60; OR 1.017, 95%CI 0.954-1.085) did not predict hypotension. Heart rate variability analysis is a potentially useful clinical tool for the prediction of hypotension. Future studies should consider a low-frequency/high-frequency ratio threshold of 2.0 for prospective validation.
Introduction
Obstetric spinal hypotension remains a common and important clinical problem. Maternal hypotension is associated with nausea and vomiting [1] , loss of consciousness, cardiac arrest, death and fetal compromise [2] . In South Africa, the majority of anaesthetic-related maternal mortality occurs during spinal anaesthesia [3] , more than half related to spinal hypotension. 1 Accurate prediction of patients at risk of hypotension could enhance clinical decision-making, alter therapeutic management and lead to appropriate early referral.
Heart rate variability is a tool used to assess central nervous system autonomic function. Heart rate variability analysis has previously been shown to predict obstetric spinal hypotension [4, 5] , but is not routinely used due to the complexity of the analysis process. We investigated low-frequency:high-frequency (LFHF) ratio, a measure of heart rate variability, as a predictor of hypotension, and evaluated previously 1 described thresholds [5] . We compared LFHF ratio with two proven predictors of obstetric spinal hypotension, baseline heart rate [6, 7] and body mass index (BMI) [8, 9] . These variables were chosen because they are easily available and useful in clinical practice.
Methods
We undertook a prospective, single-centre, observational study of patients undergoing elective caesarean section under spinal anaesthesia in Edendale Hospital, KwaZulu-Natal, South Africa. This hospital is a regional referral centre catering for both routine and complex obstetric cases. The hospital runs two obstetric theatres during normal working hours and one theatre after-hours. The service is staffed largely by junior medical officers with an average of 18-month anaesthesia experience, but consultant anaesthetic supervision is available as required. Ethical approval was granted by the University of KwaZulu-Natal Ethics Committee, and written consent was obtained from all patients in the pre-operative area on the day of surgery. We followed the STROBE guidelines for the reporting of observational studies [10] .
Recruitment occurred from June to November 2015. All patients scheduled for elective caesarean section under spinal anaesthesia were eligible. A Holter recording of ≥ 5 min duration for the derivation of LFHF ratio was performed in the pre-operative area using a MT-101 monitor (Schiller AG, Baar, Switzerland) in the hour preceding spinal anaesthesia, and analysed using MT-200 (Schiller AG) software. This monitor meets the standards required for ECG recordings to be used in heart rate variability analysis, as laid out by the Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology [11] .
Baseline heart rate and non-invasive blood pressure were recorded using a Lifescope â BSM 3562 monitor (Nihon-Koden, Tokyo, Japan) in the operating theatre in the left lateral position, with the cuff on the right arm. Spinal anaesthesia was administered in the sitting position using 9 mg hyperbaric bupivacaine 0.5% plus 10 lg fentanyl, and the woman was then immediately placed supine with a wedge under the right hip to provide uterine displacement. Blood pressure recording was switched to a 1-min interval until 15 min after delivery. A one-litre co-load of Ringer's lactate solution was administered rapidly via an 18-G intravenous cannula. Hypotension was defined as a systolic arterial pressure < 90 mmHg occurring between spinal insertion and 15 min after delivery, and was treated using 50-100 lg boluses of phenylephrine if maternal heart rate was ≥ 70 beats.min
À1
, or 5-10 mg ephedrine if heart rate was < 70 beats.min
. Following delivery, 3 IU oxytocin was administered as a slow bolus injection, and 7 IU was added to a second one-litre bag of Ringer's lactate and infused over the remainder of the operation. Postoperatively, patients were given 20 IU oxytocin in 1 l Ringer's lactate solution over 8 h.
Data were entered into a Microsoft Excel © 2013 spreadsheet (Microsoft Corporation, Redmond, WA, USA) by a research assistant, and then checked by one of the study investigators to ensure data fidelity. They were then exported to Stata Release 13.1 (StataCorp LP, College Station, TX, USA) for further analysis. The Holter monitor recording was first analysed manually to confirm data adequacy. Patients were excluded post-hoc if there was: recording of < 5 min duration; not in sinus rhythm; or artefacts or ectopic beats in > 2% of the recording. Data were exported to the heart rate variability software analysis program, Kubios © version 2.2 (Department of Applied Physics, University of East Finland, Finland; http://kubios.uef.fi/), and short-term frequency domain analysis was performed on the first 5-min segment of the recording [11] . We planned a priori to examine the three candidate variables of LFHF ratio, baseline heart rate and BMI as predictors of hypotension, using a projected incidence of 30% for hypotension. To avoid model over-fitting, it is suggested that there should be at least 10-15 events per tested variable in a regression model [12, 13] . We therefore required 30 events to test three variables, and aimed to recruit enough subjects to allow 100 patients in the data analysis.
Comparisons were done using Student's t-test and chi-squared test as appropriate. The Shapiro-Wilk test was used for normality testing. We performed logistic regression analysis with bootstrapping on the candidate variables to determine their association with the primary outcome. Low frequency:high frequency ratio was assessed as a categorical variable in four groups, chosen for projected ease of clinical use (LFHF ratio: < 1.0; 1-2; 2-3; > 3). Collinearity was assessed with the variance inflation factor. Variables with a variance inflation factor > 10 were considered to be collinear and excluded from this analysis. Empirical cut-point estimations were determined on the LFHF ratio using the method described by Liu [14] . We compared this cut-point with baseline heart rate and BMI, and compared our cut-point estimate to a previously determined significant threshold [15] using receiver operating characteristic (ROC) curves. For all tests, an a level of significance of < 0.05 was used.
Results
The patient flow diagram is shown in Fig. 1 . The final analysis included 102/116 (88%) eligible patients ( Table 1 ). The distribution of LFHF ratio bands is shown in Table 2 .
The results of the logistic regression analysis for predictors of hypotension are shown in Table 3 . There was no significant collinearity between these variables. The empirical optimal cut-point estimate for the LFHF ratio was 2.0, with sensitivity 52%, specificity 76% and positive predictive value 66%. We generated ROC curves using this LFHF threshold as well as baseline heart rate and BMI (Fig. 2) . A LFHF threshold of 2.0 showed greater sensitivity, lower specificity and similar positive predictive value for hypotension than a threshold of 2.5 (35%, 85% and 68%, respectively; Fig. 3 ).
Discussion
We have shown that the LFHF ratio is predictive of obstetric spinal hypotension, with an optimal cut-point threshold of 2.0.
Heart rate variability analysis is a technique used to assess central autonomic system function, and guidelines for its use have been in existence for 20 years [11] . Heart rate variability has shown promise as a predictor of clinically important outcomes such as sepsis [16] , multiple organ dysfunction syndrome [17] and mortality [18, 19] . Chamchad et al. initially proposed heart rate variability as a predictive tool for obstetric spinal hypotension, in a study of 22 patients using point correlation dimension [4] . Subsequently, work has centred on the use of the LFHF ratio as a predictor of hypotension. The LFHF ratio, one of the frequency domain parameters measured through heart rate variability analysis, is thought to reflect the balance between sympathetic and parasympathetic components of the autonomic nervous system, with low-frequency receiving inputs from both components and high frequency being predominantly vagal in origin [11, 20, 21] . The use of frequency domain parameters allows for relatively shorter recordings of 5 min, compared with time domain parameters which require > 18 h [11] . In a study of patients undergoing elective caesarean section, Hanss et al. found that greater LFHF ratios predicted severe hypotension following spinal anaesthesia, defined as systolic arterial pressure < 80 mmHg. They determined an optimal threshold of 2.5 for the LFHF ratio [5] . They later confirmed this threshold using an alternative definition of hypotension as a relative reduction in systolic arterial pressure > 20% [22] . We compared our optimal LFHF ratio threshold of 2.0 with the threshold of 2.5 used by Hanss et al. [5, 22] ; both values were predictive of hypotension (empirical cut-point threshold 2.0, p = 0.003; threshold 2.5, p = 0.02).
Heart rate variability analysis remains a complex field with a variety of different techniques available for analysis. One recent study showed that other methods of assessing autonomic function, such as the ANSindex, also hold promise for predicting obstetric spinal hypotension [23] . Another study failed to confirm LFHF ratio as a predictor of spinal hypotension, although this was a small study relative to the number of tested variables [7] . We chose to use LFHF ratio, as it has the largest existing evidence base and can be derived from a short duration of recording.
Heart rate variability analysis suffers from several limitations preventing its everyday use in clinical practice. Currently, analysis requires a multi-step process; the ECG recording must be exported to software able to determine the R-R interval, and must then be analysed by different software to generate the required output. This can involve up to three different software programs. In principle, all of these steps are possible within a standard multi-parameter monitor, which could then reflect the LFHF ratio immediately. Hanss et al. have shown that real-time LFHF ratios can be used to guide prophylactic management and further decrease the incidence of spinal hypotension [15] . There are several limitations to our study. Our cohort consisted of 102 patients, using prospectively collected data, which is comparable with other studies in the field [4, 5, 23] . However, much larger numbers are needed to develop a more robust estimate of the optimal threshold for the LFHF ratio. Post-hoc identification of thresholds also tends to overestimate predictive power; an effect that is accentuated in smaller studies [24] . Because of the paucity of data around the use of the LFHF ratio threshold, we chose to prospectively evaluate the LFHF ratio in the ranges described, rather than limiting the analysis to a single threshold.
We used a definition for hypotension of absolute systolic arterial pressure change, which may account in part for the different cut-point estimations found. The study by Hanss et al. defined hypotension as a 20% reduction in systolic arterial pressure [22] . Studies involving obstetric spinal hypotension are restricted by the lack of a consensus definition for hypotension, making it difficult to compare results; one review described more than 15 different definitions of obstetric spinal hypotension [25] . We chose a definition for hypotension of an absolute systolic arterial pressure value, rather than a relative decrease, because we believe that this is clinically relevant and more likely to predict adverse maternal outcomes. We also included hypertensive patients, who may have had a far greater relative reduction to reach this absolute threshold. We are aiming to produce a practical predictive tool in resource-poor areas that applies to all categories of patients. We did not use a prophylactic phenylephrine infusion in our study, in accordance with the South African national protocol. The use of a prophylactic infusion would have been likely to reduce the incidence of hypotension [26] .
In conclusion, this study confirmed that the LFHF ratio predicts obstetric spinal hypotension, with an optimal threshold of 2.0. Heart rate variability analysis techniques hold significant potential for the prediction and management of obstetric spinal hypotension, but are limited by the complexity of the process. There is an urgent need to simplify the technique and incorporate heart rate variability analysis techniques into conventional, commercially available monitors. This will enable larger, pragmatic, clinically relevant studies to be performed.
